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ABSTRACT: The structure of mixed-network former glasses in the system
(M2O)0.33[(Ge2O4)x(P2O5)1−x]0.67.(M = Na, K) has been studied by
31P and
23Na high-resolution and dipolar solid state nuclear magnetic resonance (NMR)
techniques, O-1s X-ray photoelectron spectroscopy, and Raman spectroscopy.
Using an iterative ﬁtting procedure, a quantitative structural model has been
developed that is consistent with all of the experimental data and which provides
a detailed description of network connectivities, network modiﬁcation processes,
and spatial cation distributions. Formation of heteroatomic P−O−Ge linkages is
generally preferred over homoatomic P−O−P and Ge−O−Ge linkages, as
shown by a detailed comparison with a random linkage model. An exception
occurs in glasses with low germanium contents (x = 0.2) where a pronounced
nonlinear dependence of the glass transition temperature on x can be related to
a cross-linking of the sodium ultraphosphate network by fully polymerized
germanium species, possibly including also 5- and 6-fold coordination states. At higher x values, the Ge component is modiﬁed as
well, however, the fraction of anionic nonbridging oxygen atoms bound to germanium is always lower than expected for
proportional modiﬁer sharing between both network formers. Rather, the phosphate component is preferentially modiﬁed by the
cations, leading to the formation of P(1) units at high x values. Consequently, the local coordination of the cations is dominated
by phosphorus, as is clearly evident from the 23Na{31P} rotational echo double resonance (REDOR) results. This preferred
association, combined with the formation of P(1) units, results in partially clustered cation distributions, which can be detected by
23Na spin echo decay spectroscopy. Finally, the joint interpretation of all of the data from NMR, Raman, XPS, and thermal
analysis measurements oﬀers indirect evidence for the formation of higher germanium coordination states in this glass system.
■ INTRODUCTION
The large majority of technically relevant ion-conducting
glasses are based on more than one network former species.
The combination of several network formers usually oﬀers the
possibility of ﬁne-tuning physical property combinations to
special technological demands, and obviously there is a need to
develop and understand the relation between glass composition
and properties. Ultimately, the thermal, mechanical, and
chemical properties of glasses are the consequence of the
interactions between the various network former components
in the melt, which will inﬂuence the structural organization of
the glasses derived from it. Thus, for understanding these
interactions the glass structure needs to be characterized, and
based on this knowledge, physical properties can be designed
and optimized. If the interaction between two network former
species is energetically favorable, new structural units may be
formed that are not known in the participant binary systems;
furthermore, heteroatomic linkages will be preferred over
homoatomic ones. If network former mixing produces no
energy decrease, the connectivity distribution is expected to be
random whereas in case of an unfavorable interaction,
homoatomic linkages are preferred, leading to incipient phase
separation.
A second question of interest concerns the interaction of the
network formers with the network modiﬁer species. Which
anionic network former species provides the charge compensa-
tion for the cations in the glass? Are both former species being
modiﬁed and to what extent? Is there proportional sharing or
does one of the network former components attract the
modiﬁer cations preferentially? Both the connectivity distribu-
tion and the above-described competition of diﬀerent network
formers for the modiﬁer cations have important consequences
regarding the spatial distribution of the cations, which in turn
can inﬂuence mechanical and electrical properties (ionic
conductivities). For example, borophosphate glasses show
strongly nonlinear compositional dependences of glass
transition temperatures and ionic conductivities, which could
be explained satisfactorily on a structural basis. Nuclear
magnetic resonance techniques have featured prominently in
this endeavor, beneﬁting from the excellent sensitivity of the
11B and 31P nuclei to details in their structural environments.1−5
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In the present work, we extend our NMR approach to
germanium containing glasses, which are not only of great
interest for various applications for the design of luminescent
laser materials (glasses and glass ceramics)6 but also pose
interesting structural issues, believed to be related to the
formation of higher-coordinated Ge species at certain
compositions.7 Detailed vibrational spectroscopic,8,9 NMR,9
and XANES10 studies of alkali germanate/phosphate glasses,
(R2O)x(GeO2−P2O5)1−x (R = Na, K, and Rb), Li2O−GeO2−
P2O5, and xNa2O−0.5P2O5−(0.5 − x)GeO2 (x = 0.0−0.5)
have suggested that the alkali ions preferentially modify the
phosphate rather than the germanate component in the
network, and a description has been advanced in which these
glasses are considered random networks of unmodiﬁed GeO4/2
and anionic meta- and pyrophosphate units. Furthermore,
neutron scattering studies of the binary GeO2−P2O5 glass
system11 as well as of some ternary glasses in the system K2O−
GeO2−P2O512,13 indicate the presence of germanium atoms
with coordination number higher than four. Such higher
coordinated germanium units have been primarily identiﬁed as
a prominent structural element in binary alkali germanate
glasses,14−18 particularly at alkaline contents below 20 mol %,
where pronounced nonlinear trends in the compositional
dependences of bulk macroscopic properties are observed
(“germanate anomaly”).
Formally, introduction of alkaline oxide into glassy GeO2 can
be described as a depolymerization reaction, converting neutral
(unmodiﬁed) tetrahedral Ge(4) units into anionic Ge(3) sites
bearing a nonbridging oxygen atom. Electronic overlap of the
nonbridging oxygen atom with the empty d-orbitals of a
neighboring neutral Ge(4) unit in its vicinity can be envisioned
to create an extra bond, resulting in negatively charged ﬁve-
coordinate Ge(5) units; likewise doubly negatively charged Ge(6)
unit can arise from a neutral Ge(4) species overlapping with two
neighboring nonbridging oxygen atoms. There is consensus in
the literature that these Ge(5) and Ge(6) units are not bound to
nonbridging oxygen atoms.11−20 The formation of such higher-
coordinated Ge species implies that the network modiﬁer
actually increases rather than decreases the extent of polymer-
ization, in analogy to the situation in borate glasses. In view of
these concepts and ﬁndings, the presence of such higher
coordinate germanate units has to be considered in ternary
alkali germanophosphate glasses as well. To explore this
question, the present study focuses on the compositional series
(M2O)0.33[(Ge2O4)x(P2O5)1−x]0.67 (M = Na, K), where the
network modiﬁer content is held constant at 33.3 mol % and
the network forming composition (germanium oxide versus
phosphorus oxide) is being varied. For the pure alkali
germanate endmember this composition corresponds to an
alkali ion content for which literature data suggest that higher
coordinated Ge atoms make a signiﬁcant contribution to the
network structure.14−18 Thus, the present study explores the
question of how the structure of such a glass is altered by the
mixed network former eﬀect. Using a combination of solid state
NMR, Raman spectroscopy and X-ray photoelectron spectros-
copy, we will develop a comprehensive structural description of
this system. This description will be carried out in terms of the
various local structural environments possible that are
summarized in Scheme 1 (in the Supporting Information).
Here we use the nomenclature P(n)mGe where n speciﬁes the
number of bridging oxygen atoms, while m denotes the number
of Ge atoms attached to P via bridging oxygen species. We will
examine the inﬂuence of the cation type (comparing K+- and
Na+-based glasses) and brieﬂy discuss the eﬀect of total cation
content , based on addit ional data obta ined on
(M2O)0.5[(Ge2O4)x(P2O5)1−x]0.5 glasses. Altogether our results
oﬀer new insights into the structural aspects of germanium-
based mixed-network former glasses and shed new light on the
structural role of higher-coordinated germanate units in
germanophosphate glasses.
■ EXPERIMENTAL SECTION
Table 1 summarizes the sample compositions used. Samples
were prepared by a conventional melt-quenching method, using
NH4H2PO4 (>99.9%, ACROS), K2CO3 (>99%, ACROS),
KH2PO4 (>99.9%, FISCHER), Na2CO3 (>99.5%, ACROS),
GeO2 (>99.9%, CHEMPUR), Eu2O3 (>99.9%, ABCR), and
Yb2O3 (>99.9%, CHEMPUR) as starting materials. The rare
earth doping (0.1 wt %) is done not only to accelerate spin−
lattice relaxation in the NMR experiments, but also to introduce
probes for future electron paramagnetic resonance (EPR) and
ﬂuorescence spectroscopic investigations. The educts were
dried for at least 24 h at 473 K (the alkali hydrogen phosphates
at 393 K) and heated in an open Pt crucible for 1 h at 673 K
until all of the gaseous decomposition products had evolved.
The crucible was then covered with a Pt lid and the mixtures
were melted in air for 30 min at 1173−1573 K (depending on
the composition) and cast into a cold steel mold. Evaporation
losses were checked and found to be less than 2.5%, indicating
that batch and target compositions are in good agreement.The
glassy state was veriﬁed by X-ray powder diﬀraction (Enraf-
Nonius FR 552 diﬀractometer, Guinier method). The samples
were stored under anhydrous conditions in a glovebox.
A NETZSCH STA409 thermal analyzer was used to
determine the glass transition temperatures by diﬀerential
thermal analysis, using a heating rate of 10 K/min. These data
give no evidence for phase separation eﬀects. The density of the
glasses was measured at 298 K with a pycnometer using ethanol
as a solvent. Raman spectra were recorded with a BRUKER
SENTERRA Raman microscope using a Nd/YAG laser with a
wavelength of 532.18 nm. X-ray photoelectron spectra (XPS)
were collected with an Axis Ultra DLD (KRATOS
ANALYTICAL) instrument using Kα radiation (1486.7 eV)
with a 15 kV accelerating voltage and a pass energy of 20 eV.
The samples were prepared (powdered and pressed into tablet
form) in a dry room (dew point = 203.6 K; T = 293 K) and
measured under ultrahigh vacuum (5 × 10−9 mbar). The C-1s
peak (284.6 eV originating from pump oil impurities) was used
as an internal reference, and the experimentally obtained
binding energies were corrected accordingly. After sputtering
Table 1. Sample Code and Chemical Composition of the
Glasses under Study
parameter range
code formula x v
KGeP {Yb} (K2O)1/3 [xGe2O4 + (1 −
x)P2O5]2/3
(Yb2O3)1/1000
0.0; 0.2; 0.4; 0.6; 0.8;
1.0
NaGeP {Eu} (Na2O)1/3 [xGe2O4 + (1
− x)P2O5]2/3
(Eu2O3)1/1000
0.0; 0.2; 0.4; 0.6; 0.8;
1.0
NaGeP {−} (Na2O)v [xGe2O4 + (1 −
x)P2O5](1−v)
0.0; 0.1; 0.2; 0.3; 0.4;
0.5; 0.6; 0.7; 0.8; 0.9;
1.0
1/3
0.0; 0.25; 0.5; 0.75; 1.0 1/2
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with Ar ions (acceleration voltage 5 kV) three spectra were
collected for each sample using diﬀerent positions. A surface
charge neutralizer was used to suppress artifacts from surface
charging. As the elemental compositions deduced from the
analysis of the spectra agree well with the bulk compositions,
there are no indications from artifacts owing to selective
sputtering.
If not noted otherwise, the NMR measurements were carried
out on a BRUKER DSX-500 spectrometer with a magnetic ﬂux
density of 11.74 T that was equipped with 4 mm double and
triple resonance NMR probes. The resonance frequencies of
the nuclei under study were 132.256 MHz for 23Na and
202.404 MHz for 31P. Chemical shifts are reported relative to 1
M NaCl aqueous solution and 85% H3PO4, respectively. Unless
noted otherwise, the NMR experiments were conducted under
magic angle spinning (MAS) conditions at a spinning speed of
14 000 Hz. Single pulse spectra were acquired using typical
pulse lengths of 0.5 μs for 23Na, and 5.5 μs for 31P. These pulses
corresponded to ﬂip angles of 15° for the quadrupolar nucleus
on the liquid standard and to 90° for 31P. Recycle delays of 5
and 150 s for 23Na and 31P, respectively, were found to be
suﬃcient for a quantitative analysis of the spectra and used
accordingly. The deconvolution of the line shapes was done
using the DMFit program package.19 Average 23Na (I = 3/2)
second order quadrupolar eﬀect (SOQE) and isotropic
chemical shift parameters were measured using the z-ﬁltered
three-pulse triple-quantum (TQMAS) sequence under MAS
conditions.20−22 The ﬁrst two hard pulses were typically 4.6 and
1.6 μs in length, at a nutation frequency (liquid sample) of 91
kHz, while the length of the soft detection pulse (nutation
frequency 13 kHz on a liquid sample) was 10 μs. For each
increment of the evolution time t1 at least 72 scans were
recorded using a recycle delay of 1 s. The obtained TQMAS
data was processed and analyzed as described in the refs 21 and
22.
23Na{31P}-compensated REDOR curves were collected with
a 0.5 s recycle delay following a saturation comb. The 180°-
pulse length on the solid sample used for the dephasing and the
recoupled nucleus were between 5.0 and 6.2 μs. Static 23Na
spin echo decay (90°−τ−180°−τ) measurements were carried
out on a BRUKER-AVANCE-DSX-400 spectrometer at a
magnetic ﬂux density of 9.40 T corresponding to a resonance
frequency of 105.805 MHz. To eliminate the eﬀect of ionic
motion on the data, the experiments were conducted at a
temperature of 200 K. Soft pulses with a nutation frequency of
31 kHz on the solid sample, corresponding to selective
excitation of the central transition, were applied using repetition
times of 20 s. Fitting of the echo decay for small evolution
times (τ ≤ 100 μs) yields the homonuclear dipolar second
moment M2(
23Na−23Na). A BRUKER-AVANCE-III spectrom-
eter with a magnetic ﬂux density of 7.05 T was used for the
refocused 31P-INADEQUATE experiments at 121.442 MHz.
Following a saturation comb data were collected with a 90°
pulse length of 3.2 μs and a relaxation delay of 50 s.
■ RESULTS AND DISCUSSION
Thermal Analysis. Table 2 summarizes all of the Tg values
measured, and Figure 1 depicts the compositional dependence
for the NaGeP{−}, ν = 1/3 system. A distinctly nonlinear
dependence on x with a distinct maximum for x = 0.3 is
observed in both systems. As there are 1.25 bridging oxygen
atoms in the pure ultraphosphate glass and 1.75 bridging
oxygen atoms in the pure germanate glass per network former
species, one would expect a monotonic increase of Tg with
increasing x, if the glass structures were just random mixtures of
the corresponding structural units present in the endmember
glasses. In contrast, the strong nonlinearity observed in Figure 1
suggests that the interaction of the two network former species
produces new types of structural units not present in the end
member binary systems, enhancing the connectivity in the
mixed-network former glasses. Similar eﬀects have been
observed previously in various borophosphate glass systems.1−5
Raman Spectroscopy. Figure 2 shows the Raman spectra
for the KGeP{Yb} glasses. Table 3 summarizes the wave-
numbers of the most pronounced intensity maxima and
shoulders in the range of 600−1500 cm−1. The signal maxima
in the binary glasses can be easily identiﬁed based on previous
work.8,23−26 The spectrum of the binary phosphate glass is
dominated by three pronounced intensity maxima at 652, 1146,
Table 2. Glass Transition Temperatures Tg (±2 K) of the
Glasses under Study
x NaGeP{−} KGeP{Yb}
0.0 501 508
0.1 617
0.2 748 738
0.3 811
0.4 794 775
0.5 757
0.6 746 734
0.7 745
0.8 752 775
0.9 789
1.0 802 817
Figure 1. Tg(x) for the NaGeP{−} glasses with v = 1/3. The estimated
experimental error is given in Table 2. The dotted line represents the
linear extrapolation between the binary glasses.
Figure 2. Raman spectra of the KGeP{Yb} glasses.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp5013285 | J. Phys. Chem. C 2014, 118, 10271−1028310273
and 1319 cm−1 that can be attributed to the (P−O−P)stretch;sym,
(PO2)stretch;(a)sym, and (PO)stretch;sym, respectively.26
These bands reﬂect the expected presence of both P(2) and
P(3) units. As x increases the signals of the (PO2)stretch;(a)sym and
(PO)stretch;sym vibrations develop pronounced shoulders at
lower wavenumbers shifting the center of gravity. These eﬀects
can be attributed to the replacement of P−O−P by P−O−Ge
linkages. Glasses with x ≥ 0.6 show a new signal near 1050
cm−1 that can be attributed to (PO3)stretch;sym vibrations typical
of P1 units. The signals in the range of 300−600 cm−1 can be
attributed to the Ge−O−Ge network vibrations with the
symmetric vibrations of four- and three- membered germanate
rings at ∼425 and ∼525 cm−1, respectively. For the binary
germanate glass the most intense band is observed at 531 cm−1,
while no signal can be observed at ∼425 cm−1. Older works
suspect that Ge6 or Ge5 units cause a signal at around 670
cm−1,27 which has, however, been called into question in later
works.23−25 The binary germanate glass does not show any
distinct signal around this wavenumber even though the
concentration of higher coordinated Ge should be at its
maximum at this composition.11 The x = 0.8 and 1.0 samples
show weak bands at 737 and 867 cm−1 evidencing the presence
of Ge(2) and Ge(3) units, (GeO2)stretch;sym and (GeO)stretch;sym,
respectively. The weakness of these bands along with the
observation of P(1) units in glasses with higher x values is
consistent with a preferential modiﬁcation of the phosphate
over the germanate units, as previously found for other types
and compositions of germanophosphate glasses.8,23
The residual X−O−Y network vibrations in the range of
200−600 cm−1 are hard to attribute to certain species but
pronounced changes can be documented here as well. For x =
0.2 a pronounced signal at 418 cm−1 can be observed indicating
the presence of four-membered germanate rings. The intensity
of this signal is decreased as x is increased and can hardly be
detected for x = 0.6. Instead, the signal of the three-membered
germanate rings at 531 cm−1, that can already be found for x =
0.2, increases in intensity. This ﬁnding indicates that four-
membered rings are turned into three-membered rings as x
increases. This is in agreement with the results reported by
Henderson et al., who identify this transition to be associated
with the germanate anomaly in alkali germanate glasses with
low network modiﬁer contents.15 Therefore, this eﬀect could
also explain the MGFE in Tg shown in Figure 1. On the other
hand, we note that the phosphorus rich MGF-glasses do show a
distinct signal at ∼650 cm−1 that is close to the shift that was
reported for vibrations associated with Ge6 or Ge5 units.27 The
presence of higher coordinated Ge units in the x = 0.2, 0.4, and
0.6 glasses (and the associated increased average connectivity in
the glass) would of course also be in good agreement with the
observed nonlinearity in Tg, however, the direct Raman
evidence for this is weak. The Raman spectra of the NaGeP{-
} glasses with v = 1/3 (see the Supporting Information) are
very similar to those described here for the K-based glass
system and indicate that the structural speciations are the same.
X-ray Photoelectron Spectroscopy. Figure 3 shows the
O-1s X-ray photoelectron spectra. In accordance with a
previously developed analysis procedure25 they can be ﬁtted
using ﬁve Gaussian lines represening the P−O−P, P−O−Ge,
Ge−O−Ge, NBO(P), and NBO(Ge) species.25,28,29 The
respective binding energies of all but the P−O−Ge oxygen
species are obtained from the spectra of the binary glasses.
Allowing for only small variations in the binding energy values
of these components (up to 0.3 eV, 0.05%) and keeping the
line widths uniform in a given sample, the line shape
parameters of the P−O−Ge species could be unambiguously
reﬁned, leading to the information summarized in Table 4. As
indicated in Table 4, the line widths of all spectral components
were kept uniform within a given sample but were allowed to
vary (over the range 1.7−2.4 eV) between diﬀerent samples. If
the experimental uncertainty is considered, the sum of the
NBO areas derived from the deconvolutions are found to be in
good agreement with the theoretical values expected under the
assumption that the modiﬁcation of the germanate networks
happens purely by depolymerization, indicating that the
diﬀerence between actual and target network modiﬁer content
is small. For the binary (K2O)0.33−(Ge2O4)0.67 glass a
satisfactory ﬁt can be obtained assuming the presence of a
peak at 530.0 eV, which can be assigned to a nonbridging
oxygen species bound to germanium, NBO(Ge). The fractional
area of this component is 20%, which is close to the value
expected if network modiﬁcation proceeded entirely via
formation of nonbridging oxygen atoms. This result is in
agreement with recent experimental work by Di Martino et
al.,28 but it disagrees with earlier work where the absence of
detectable NBOs is taken as evidence for a modiﬁcation
mechanism via higher coordinated Ge atoms.29,30 We note that
in order to get a reasonable ﬁt for the spectrum of the x = 1.0
sample it was necessary to increase the line broadening
parameter of both the bridging and the nonbridging oxygen
species signiﬁcantly to 2.4 eV. This extra broadening may also
reﬂect the presence of some oxygen species linked to higher-
coordinated Ge atoms (GeO5/2 and GeO6/2 units), whose
contributions are hidden under the dominant O-1s peaks. In
the ternary alkali germanophosphates, a clear contribution of
NBO(Ge) can still be identiﬁed for x = 0.8, whereas at lower
Ge contents it cannot be detected anymore.
Table 3. Resolved Intensity Maxima in the Raman Spectra of
the KGeP{Yb} Glasses in the Range of 600 to 1500 cm−1a
x I II III IV V VI VII
0.0 652 1146 1319
0.2 647 699 (1109) 1150 (1257) 1300
0.4 645 748 (1083) 1120 (1232) 1271
0.6 747 (1043) 1115 1233
0.8 880 987 1100 1207
1.0 737 867
aNumbers that are given in brackets mark signal shoulders. All values
are given in cm−1 with an uncertainty of ±2 cm−1.
Figure 3. O-1s XP-spectra and their respective ﬁt for the KGeP{Yb}
glasses.
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31P-MAS NMR Spectroscopy. The 31P-MAS NMR spectra
are shown in Figure 4. In many cases the spectral resolution is
insuﬃcient for allowing unconstrained peak deconvolutions.
This is understandable, as a total of nine signal contributions,
namely from P(3)0Ge, P
(3)
1Ge, P
(3)
2Ge, P
(3)
3Ge, P
(2)
0Ge, P
(2)
1Ge,
P(2)2Ge, P
(1)
0Ge, and P
(1)
1Ge units (see Scheme 1, in the
Supporting Information) are expected, all of which are
distinguished by diﬀerent chemical shifts. Furthermore, the
chemical shifts of these units are not necessarily constant but
can also be expected to have a weak monotonic dependence on
x, based on variations in their respective connectivities to other
structural units. Likewise only small and monotonic variations
in the full width at half height (fwhm) are admitted in the
iterative ﬁtting process. In the absence of evidence to the
contrary, we further assume that the 31P isotropic chemical shift
is not aﬀected by the coordination number of a neighboring
germanium species. Altogether, reliable ﬁts are possible when
the simulation is evaluated with the results of complementary
INADEQUATE experiments at every point of the ﬁtting
process and mass and charge balance constraints are taken into
consideration. The spectra with x = 0.0 and 0.8 are expected to
have the smallest variety of P(n)mGe units. The line shape
simulation for x = 0.0 is unambiguous and veriﬁes that the
target and actual composition of the glass are in excellent
agreement with each other.
For glasses with high x values the dominant P(n)mGe species
are expected to be those for which m = n. As discussed
previously, such units can be eliminated from the spectrum via
double quantum ﬁltering, as the absence of P−O−P linkages
(and hence the absence of 31P−31P magnetic dipole couplings)
precludes the excitation of double quantum coherences.25
Figure 5 shows such double quantum ﬁltered spectra, based on
J-couplings detected via 31P-1D refocused INADEQUATE
spectroscopy.31 The spectrum proves the absence of any P−
O−P linkages in the glass with x = 0.8, where the phosphate
units occur exclusively as P(2)2Ge and P
(1)
1Ge species. Likewise,
for glass with x = 0.6, the comparison of the single-pulse and
the INADEQUATE spectra allow an unambiguous line shape
simulation based on P(2)2Ge and P
(3)
3Ge units (absent in the 1D-
INADEQUATE spectrum), as well as P(2)1Ge and P
(3)
2Ge units,
the latter two of which are clearly identiﬁed in the 1D-
INADEQUATE spectrum. All the resulting ﬁts are then
evaluated in comparison with the XP spectra in Figure 3.
With the knowledge obtained, the 31P-MAS NMR-ﬁts are
optimized until the spectra obtained by both techniques are
ﬁtted with the results in agreement with each other. These ﬁts
Table 4. Fitting Parameters Used for the Line Shape Simulation of the O-1s XP-Spectra of the KGeP{Yb} Glasses
binding energy fwhm area ∑NBOexp ∑NBOtheo
x oxygen species ±0.2/eV ±0.2/eV /% ± 5% /% ± 5%
0.0 P−O−P 532.5 1.7 45.7 54.3 54.6
NBO(P) 530.8 1.7 54.3
0.2 P−O−P 532.2 2.0 26.8 49.5 47.7
P−O−Ge 531.4 2.0 16.9
Ge−O−Ge 531.0 2.0 6.9
NBO(P) 530.3 2.0 49.5
0.4 P−O−P 532.3 1.7 10.6 39.0 40.8
P−O−Ge 531.3 1.7 33.7
Ge−O−Ge 530.9 1.7 16.7
NBO(P) 530.2 1.7 39.0
0.6 P−O−P 532.5 2.1 3.5 34.8 33.8
P−O−Ge 531.5 2.1 30.7
Ge−O−Ge 530.7 2.1 31.0
NBO(P) 530.2 2.1 34.8
0.8 P−O−P 532.7 2.0 0.7 31.2 26.9
P−O−Ge 531.7 2.0 21.0
Ge−O−Ge 530.8 2.0 47.0
NBO(P) 530.5 2.0 27.1
NBO(Ge) 529.9 2.0 4.1
1.0 Ge−O−Ge 531.2 2.4 77.8 22.2 20.0
NBO(Ge) 530.2 2.4 22.2
Figure 4. 31P-MAS NMR-spectra as well as their corresponding line shape simulations for (a) the KGeP{Yb} and (b) the NaGeP{Eu} glasses.
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are then transferred to the less resolved31P-MAS NMR-spectra
of the NaGeP{Eu} glasses, where the same units are expected.
The iterative ﬁtting process of the 31P-MAS NMR- and XP
spectra of the KGeP{Yb} and NaGeP{Eu} glasses is repeated
several times until convergence is reached and all the spectra
are reproduced with a consistent set of ﬁtting parameters. The
ﬁts have been included in Figures 3 and 4, while the
corresponding ﬁtting parameters are summarized in Tables
4−6. For the x = 0.0 glass an additional component centered at
−21.4 ppm is treated as an impurity, which is most likely
caused by a depolymerization of the network by moisture.
The resonances of the various P(n)mGe units are systematically
shifted to higher frequencies as n is decreased and m is
increased, in agreement with previous observations in sodium
germanophosphate glasses of diﬀerent compositions.25 Fur-
thermore, the signals in the NaGeP glasses are found at slightly
higher frequencies and have a slightly larger width (full width at
half-maximum, fwhm) than those of the KGeP glasses. The
fwhm of individual signal components tend to be larger in those
glasses in which a large number of diﬀerent P(n)mGe units is
found than in those glasses in which one or two units dominate
the structure. These eﬀects are expected based on the larger
variety of diﬀerent environments in the second and third
coordination spheres. Both the chemical shifts and the area
fractions show small and monotonic changes with increasing x,
in accordance with the expectations. An additional comment on
the P1m units is necessary that can be observed in the
germanium rich samples. The Raman spectra and the 31P-
Figure 5. 31P-INADEQUATE-spectra of the KGeP{Yb} glasses with x
= 0.6 and 0.8. The asterisk marks a spinning sideband. The line shape
simulation of the spectrum obtained for x = 0.6 includes components
at −13.6 ppm (P(2)1Ge unit) and −20.8 ppm (P(3)2Ge unit). In addition
two weak signals at 4.0 and −2.2 ppm are attributed to P(1)mGe (m = 0,
1) units.
Table 5. NMR-Parameters of the Diﬀerent P(n)mGe Units Extracted from the
31P-MAS NMR Spectra
KGeP{Yb} NaGeP{Eu}
δCS fwhm area δCS fwhm area
x unit ±0.2/ppm ±0.2/ppm /% ± 3% ±0.2/ppm ±0.2/ppm /% ± 3%
0.0 P(2)0Ge −27.0 6.8 49.1 −26.1 8.1 51.1
P(3)0Ge −38.9 11.7 49.2 −39.3 13.5 48.9
impurity −21.4 6.1 1.8
0.2 P(1)mGe −2.4 9.8 0.9 −2.0 10.1 0.7
P(2)0Ge −24.3 8.8 40.8 −23.7 9.4 42.0
P(2)1Ge −19.0 8.3 18.5 −18.1 8.4 13.0
P(2)2Ge −12.7 6.8 3.1 −12.0 6.8 6.1
P(3)0Ge −34.6 10.8 9.1 −36.8 12.9 9.8
P(3)1Ge −29.5 9.6 24.0 −30.8 10.1 23.7
P(3)2Ge −26.4 9.2 3.6 −28.1 9.5 4.8
0.4 P(1)mGe 1.1 8.8 2.7 2.2 10.1 3.4
P(2)0Ge −20.2 8.4 2.4 −18.8 9.4 2.7
P(2)1Ge −16.6 9.9 47.7 −15.2 10.7 41.3
P(2)2Ge −9.5 9.2 10.6 −8.5 9.7 15.7
P(3)0Ge −33.0 10.4 0.7
P(3)1Ge −29.1 10.8 3.4 −29.0 12.3 5.3
P(3)2Ge −23.1 10.6 29.0 −22.6 10.7 28.0
P(3)3Ge −21.9 9.6 3.5 −20.8 9.9 3.8
0.6 P(1)mGe 4.1 8.5 4.0 4.9 8.7 5.3
P(2)1Ge −13.5 9.0 36.7 −12.8 9.4 30.2
P(2)2Ge −8.4 9.0 46.6 −7.0 9.1 50.7
P(3)2Ge −21.9 9.9 1.2 −21.4 10.3 2.7
P(3)3Ge −19.4 8.7 11.5 −18.3 9.9 11.2
0.8 P(1)mGe 4.6 6.2 20.8 5.1 6.0 30.8
P(2)1Ge −12.9 8.3 6.5 −9.9 8.3 15.3
P(2)2Ge −6.8 8.3 71.1 −4.8 8.4 51.6
P(3)3Ge −16.7 8.0 1.6 −16.3 8.6 2.3
Table 6. 31P-INADEQUATE Fit Components for the
KGeP{Yb} Glass with x = 0.6
δCS fwhm
x unit ±0.5/ppm ±0.5/ppm
0.8 P(1)1Ge 4.0/−2.2 13.2/5.5
P(2)1Ge −13.6 8.3
P(3)2Ge −20.8 9.5
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INADEQUATE-spectrum with x = 0.8 both evidence that this
unit is mainly bound to germanate units (m = 1) but it cannot
be completely excluded that a small fraction of P(1)0Ge units
(pyrophosphate dimers) contributes to this signal as empha-
sized by the 31P-INADEQUATE-spectrum on the x = 0.6
sample. Statistically, the contribution of this resonance to the
P(1)mGe area is expected to be minor and the resonance
frequencies of the two species should be similar making it
impossible to resolve contributions from these units in the
glasses under study. Therefore, they are summarized and ﬁtted
using a single approximately Gaussian component.
In excellent agreement with the Raman scattering results, the
obtained deconvolution of the NMR spectra reveals that the
phosphate network is successively depolymerized as x is
increased. Consistent with this trend, the chemical shift of
each component changes as a function of x. This observation
also reﬂects the eﬀect of the network modiﬁcation. Figure 6
visualizes the compositional dependence of the average
exponent ⟨n⟩ of the P(n)mGe units calculated from the three
diﬀerent experiments and the values are listed in Table 7. ⟨n⟩ is
directly accessible from Table 5 for the 31P-MAS NMR-
experiments and can be calculated for the XPS data from the
areas of the diﬀerent oxygen species A(X) according to eq 1.
= − − + − −
− − + − − + 
n 4
2A(P O P) A(P O Ge)
2A(P O P) A(P O Ge) A(P O) (1)
Despite the inherent experimental errors, the values are in
good agreement with each other for the diﬀerent methods as
well as for the diﬀerent sets of samples. The decrease in ⟨n⟩
from 2.5 to 1.8 seen in Table 7 reﬂects the preferred
depolymerization of the phosphate network. The value of ⟨n⟩
of 2.35 for the x = 0.2 sample implies that in this sample the
network modiﬁer is exclusively used to modify the phosphate
network and there is none left to produce anionic germanate
species at this composition. This observation helps rationalize
the general increase in the glass transition temperature
observed in Figure 1, as one can envision the ultraphosphate
network to be cross-linked by fully polymerized Ge(4) units. It is
further possible that the formation of some higher coordinated
Ge(5) and Ge(6) units contributes to this eﬀect, and as such
species have also been identiﬁed in binary GeO2−P2O5 glasses
with low germanium contents.11
In glasses with higher Ge contents (x ≥ 0.4) the NMR data
suggest modiﬁcation of the germanium species as well, as ⟨n⟩
deviates from the value predicted for exclusive phosphate
modiﬁcation. Thus, there must be some anionic functionaliza-
tion of the germanate network, either via the formation of
nonbridging oxygen or via the creation of higher-coordinated
anionic germanium atoms (Ge(5) or Ge(6)). As in the x = 0.4
and 0.6 samples neither the Raman nor the O 1s XP spectra
show any indication of nonbridging oxygen atoms associated
with Ge(3) and Ge(2) units, we conclude that charged higher-
coordinated Ge atoms contribute to the structures of these
glasses. As previously discussed, such units are diﬃcult to detect
directly, as they do not give rise to characteristic signals in
Raman and XP spectroscopy.15 From Figure 6 it is also clear
that the fraction of anionic Ge species remains consistently
lower than expected in case of proportional network modiﬁer
sharing, and there is essentially no inﬂuence of the network
modiﬁer cation (Na or K) on the dependence of ⟨n⟩ on
composition.
From these data we can calculate which fraction of the
network modiﬁer ions is altering which network former
constituent (the phosphate or the germanate units). As
revealed by Figure 7, for x = 0.8 only ∼50% of the cations
modify the germanate units although these units constitute 80%
of the glass network.
In a next step we assess the distribution of the linkages
between the diﬀerent network former units, i.e., between
homoatomic P−O−P and Ge−O−Ge versus heteroatomic P−
O−Ge linkages, respectively. For this purpose Figure 8 shows
the relative average index ⟨m⟩/⟨n⟩ of the P(n)mGe units as a
function of composition. Table 9 lists the corresponding values.
⟨m⟩/⟨n⟩ can be extracted directly from the 31P-MAS NMR-
Figure 6. Compositional dependence of the average exponent ⟨n⟩ of
the P(n)mGe units in the KGeP{Yb} and NaGeP{Eu} glasses calculated
from the diﬀerent experiments shown with the theoretical models for
the scenarios of exclusive phosphate unit modiﬁcation (100%
preference) and proportional sharing (0% preference) between
phosphate and germanate. The uncertainty of the points is given in
Table 7
Table 7. Average Exponent ⟨n⟩ of the P(n)mGe Units in the
KGeP{Yb} and NaGeP{Eu} Glasses Calculated from the
Diﬀerent Experiments
XPS 31P-MAS NMR
±10% ±3% ±3%
x KGeP{Yb} KGeP{Yb} NaGeP{Eu}
0.0 2.50 2.48 2.49
0.2 2.35 2.36 2.38
0.4 2.34 2.34 2.34
0.6 2.08 2.09 2.09
0.8 1.81 1.81 1.72
Table 8. Average Exponent ⟨n⟩ of the Ge(n) Units in the
KGeP{Yb} and NaGeP{Eu} Glasses Calculated from the
Diﬀerent Experiments
XPS 31P-MAS NMR
±10% ±3% ±3%
x KGeP{Yb} KGeP{Yb} NaGeP{Eu}
0.0 4.00 4.00 4.00
0.2 4.00 4.00 4.00
0.4 3.90 3.90 3.90
0.6 3.87 3.87 3.87
0.8 3.74 3.74 3.76
1.0 3.50 3.50 3.50
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spectra and calculated from the fractional areas A derived by
deconvoluting the XP spectra according to eq 2.
= − −
− − + − −
m
n
A(P O Ge)
2A(P O P) A(P O Ge) (2)
Figure 8 also includes the theoretically expected behavior for
a model of random linkages as calculated from the average ⟨n⟩
of the P and Ge units (⟨n(P)⟩ and ⟨n(Ge)⟩) over the two
experiments on the KGeP{Yb} glasses, assuming that the
modiﬁcation of the germanate units happens exclusively by
formation of NBO(Ge) (no higher-coordinated Ge).
= ⟨ ⟩
− ⟨ ⟩ + ⟨ ⟩
⎜ ⎟⎛⎝
⎞
⎠
m
n
x n
x n x n
(Ge)
(1 ) (P) (Ge)theo (3)
All three independent measurements exhibit the same
behavior. In the germanium richer glasses (x ≥ 0.4) the
formation of heterobridges is higher than that predicted by a
random linkage model. This was also previously found for
germanophosphate glasses of a diﬀerent composition.25 For the
glasses with x = 0.2 on the other hand the formation of
homobridges appears to be preferred.
In this context it is further worth noting that the Raman
scattering results indicate that three- and four-membered
germanate rings are formed in these germanium poor glasses.
The latter do require the formation of Ge−O−Ge linkages,
which are considered rather unlikely from a statistical point of
view at low Ge contents. The observed transformation from
four- to three-membered ring structures is in excellent
agreement with the preference of heterobridges for higher x.
Whether the documented behavior depicts the reality can be
independently tested by the XPS data, from which fractional
areas for each of the oxygen species can be deduced. Figure 9
shows the results of the deconvolution analysis. This ﬁgure also
shows the fractional areas that are predicted from a random
linkage model. The modeling is done solely based on the glass
composition x and the respective values of ⟨n(P)⟩ and ⟨n(Ge)⟩
given in Tables 7 and 8.
The comparison of the experimental data with the predicted
behavior clearly supports the trends already evident in Figures 6
and 8. For x = 0.2 a noticeable preference of homoatomic
linkages is found, reﬂecting the formation of Ge−O−Ge
linkages that form the four-membered ring structures. For the
germanium richer glasses with 0.4 ≤ x ≤ 0.8, however, the
number of heteroatomic linkages is consistently higher than
that predicted by a random linkage model. The high quality of
the obtained data can be veriﬁed when Figure 9 is compared
with the corresponding graphs that are deduced from the 31P-
MAS NMR spectra (Figure 10). These plots show the same
behavior and therefore support the ﬁndings of the XPS
experiments.
It is important to be aware that the analysis given above is
only approximate. This is so as the value of ⟨n(Ge)⟩ used for
the calculations of both the theoretical and the experimental
A(Ge−O−Ge) in the NMR-based plot can only be determined
indirectly from the fraction of network modiﬁer cations that do
not depolymerize the phosphate units. Thus, the random
linkage scenario is calculated based on the assumption that
those oxygen species that are used for the modiﬁcation of the
Ge network former component only reduce the connectivity of
germanium, by creating Ge(3) units. A more accurate calculation
of the random linkage scenario would have to take into account
the concentrations of the charged higher-coordinated Ge
species as well, and this has been neglected for lack of
independent spectroscopic information. Combined with the
fact that the experimental errors add up during the
Figure 7. Fraction of the network modiﬁer cations in the KGeP{Yb}
and NaGeP{Eu} glasses modifying the germanate and phosphate units
respectively, calculated from the diﬀerent experiments. The dotted
lines depict the theoretical behavior in case of a statistical modiﬁcation
of the network (proportional sharing).
Figure 8. Relative fraction of heterobridges ⟨m⟩/⟨n⟩ for the P(n)mGe
units and theoretical behavior for a random linkage model. The
experimental uncertainty is given in Table 9
Table 9. Calculated Fraction of Hetero-Bridges ⟨m⟩/⟨n⟩ for
the Pnm Units
XPS 31P-MAS NMR
±10% ±6% ±6%
x KGeP{Yb} KGeP{Yb} NaGeP{Eu}
0.0 0.00 0.00 0.00
0.2 0.25 0.24 0.25
0.4 0.61 0.61 0.64
0.6 0.82 0.82 0.84
0.8 0.94 0.96 0.91
Figure 9. Area fraction of the three bridging oxygen species for the
KGeP{Yb} glasses under study and theoretical model for a random
linkage distribution in the glass network.
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mathematical operations and the uncertainty is therefore
higher, the interpretation should be done based on the XPS
results, from which experimental fractions (Ge−O−Ge) species
are available. To summarize the key information obtained about
the glass structure the populations of the individual short-range
order units that are extracted from the 31P-MAS NMR-spectra
Figure 10. Calculated fraction of the three bridging oxygen species for (a) the KGeP{Yb} and (b) NaGeP{Eu} glasses including the theoretical
prediction for a randomly linked network. The values are determined by 31P-MAS NMR spectroscopy. The mathematical operations needed result in
an experimental error prediction of ±8%.
Figure 11. Fraction of the diﬀerent building units for (a) the KGeP{Yb} and (b) NaGeP{Eu} glasses. When it is assumed that the modiﬁcation of
the germanate units is done exclusively by depolymerization the error is ±2%. The dotted lines are guides to the eye.
Figure 12. (a) 23Na-MAS NMR-spectra of the NaGeP{Eu} glasses and (b) exemplary 23Na TQMAS NMR spectrum for the NaGeP{Eu} glass with
x = 1.0.
Table 10. 23Na Isotropic Chemical Shifts and Second Order Quadrupolar Eﬀect Values for the NaGeP{Eu} Glasses As Well As
the Dipolar Second Moments of the Heteronuclear 23Na−31P and Homonuclear 23Na−23Na Interaction
δiso SOQE M2;hetero(
23Na{31P}) M2;homo(
23Na{23Na})
x ±0.5/ppm ±0.2/MHz /106 rad2 s−2 ± 10% /106 rad2 s−2 ± 10%
0.0 −5.7 1.3 3.6 3.5
0.2 −8.1 1.6 3.7 4.3
0.4 −8.3 1.7 3.6 3.7
0.6 −5.8 1.7 2.9 4.3
0.8 −4.0 1.6 1.5 4.0
1.0 −3.4 1.5 0.0 2.8
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can be plotted against the glass composition. Figure 11 shows
this plot for the KGeP{Yb} and NaGeP{Eu} glasses. Again, the
concentrations attributed there to the concentrations of Ge(3)
units actually comprise the total inventory of anionic Ge(3),
Ge(5), and Ge(6) units. The results underline that the observed
behavior is the same for both network modiﬁer cations.
23Na NMR Spectroscopy. The preferred modiﬁcation of
the phosphate network component also implies its stronger
association with the sodium ions, which compensate the
anionic charge of the P(2) and P(1) units. This interaction can be
independently probed by various 23Na NMR methods. Figure
12 shows the 23Na-MAS NMR-spectra of the glasses under
study as well as an exemplary 23Na TQMAS NMR spectrum for
the glass with x = 1.0. The parameters that were extracted from
the 23Na TQMAS NMR experiments are summarized in Table
10. All of the sodium ions in the glass network contribute to a
single broad resonance. Figure 13 reveals that both the
isotropic chemical shift and the SOQE values show a distinct
nonlinear behavior as a function of composition, with a
maximum of the SOQE and a minimum in δiso for x = 0.4.
According to Stebbins et al. a decrease in δiso can be interpreted
as an expansion of the cation site and/or an increased
coordination number.32 This eﬀect is unexpected and signiﬁes
that the Na+ ions experience a change in the way their charge is
being compensated, compared to the situation in pure
phosphate glass. This nonlinearity shows a striking parallel to
that observed in the compositional trend of the glass transition
temperature, observed in Figure 1. Beyond x = 0.4, the
dominant eﬀect is the successive depolymerization of the
phosphate species, leading to an increased participation of
singly charged P(2) and doubly charged P(1) units in the ﬁrst
coordination sphere of sodium. These, in turn, tend to attract
more Na+ ions, increasing Na+···O···Na+ interactions and thus
the covalent character of sodium bonding. The change in the
chemical environment and the resulting contraction of the
cation site leads to an increase in δiso in the same manner as this
is observed with increasing Na content in binary sodium
phosphate glasses.33 Furthermore, in glasses with high x values
the participation of nonbridging oxygen atoms associated with
Ge(3) (and possibly Ge(2)) units in the ﬁrst coordination sphere
of Na+ contributes to the increase in the δiso value.
The preferred association of the Na+ ions with phosphate (as
opposed to germanate) is also supported by the 23Na spin-
lattice relaxation times T1 which are similar for all of the
phosphorus-containing glasses whereas for the binary sodium
germanate glass a signiﬁcantly longer value is measured (see the
Supporting Information). A more quantitative method to
evaluate this hypothesis are 23Na{31P} rotational echo double
resonance (REDOR) experiments,34 shown in Figure 14, as the
preferential modiﬁcation of the phosphate network should be
reﬂected in the heteronuclear second moments characterizing
the 23Na−31P magnetic dipole−dipole interactions. Following a
previously reported procedure,35,36 the data within the initial
range ΔS/S0 < 0.2 can be approximated by a parabolic function,
whose curvature is proportional to M2(
23Na{31P}).36 Figure 14
and Table 10 summarize these data.
The nonlinear dependence of M2(
23Na{31P}) on x clearly
indicates the preferential association of the sodium ions with
the phosphate species over a wide composition range. The
three phosphorus richest glasses show almost unaltered dipolar
interaction strengths conﬁrming that the network modiﬁcation
occurs preferentially at the phosphate units. Only for x ≥ 0.6, a
decrease in M2 can be observed, as anionic Ge species (either
carrying nonbridging oxygen atoms bound to Ge(3) and Ge(2)
units or being higher coordinated Ge(5) or Ge(6) units) also
appear in signiﬁcant numbers in the ﬁrst coordination sphere of
Figure 13. Compositional dependence of the 23Na isotropic chemical shift (a) and the second-order quadrupolar eﬀect (SOQE) values (b) for the
NaGeP{Eu} glasses. The experimental uncertainty is listed in Table 10.
Figure 14. (a) Comparison of the compensated 23Na{31P} REDOR curves for NaGeP{Eu} glasses. (b) Experimental M2(
23Na−31P) values for the
NaGeP{Eu} glasses. experimental uncertainty is ±10%.
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the sodium ions. Still, their contribution is signiﬁcantly lower
than what would be expected for proportional network sharing.
All of the above results clearly reveal that the network modiﬁer
cations show a strong preference for the phosphate units
throughout the entire composition range.
It is interesting to see how this aﬀects the spatial distribution
of the ions. For this purpose the homonuclear 23Na−23Na
dipolar interaction was measured using 23Na spin echo decay
spectroscopy.37 The obtained M2(
23Na−23Na) values are
proportional to <r−6Na−Na> and are therefore suited to probe
changes in the average Na−Na distances. While the random
errors are usually within 10% the experiment may be subjected
to systematic errors leading to an underestimation of up to
20%.37,38 Therefore, we focus the discussion on relative
comparisons rather than absolute values.
The compositional dependence of M2(
23Na−23Na) of the
NaGeP{Eu} glasses is shown in Figure 15 and Table 10. As
shown in the Supporting Information, the molar sodium ion
densities in these glasses increase with increasing germanium
content (x), spanning a relatively limited range of 13%. (see the
Supporting Information). Despite this increase in ion
concentration, our results indicate that M2(
23Na−23Na) for
the pure sodium phosphate glass is higher than for the pure
germanate glass. This ﬁnding suggests that the compositional
trend in M2(
23Na−23Na) observed in this glass system does not
reﬂect the variations in average sodium ion contents, but rather
can be attributed to the speciﬁcs of local distance distribution
and clustering eﬀects. Figure 15 indicates further that the
M2(
23Na−23Na) values of the mixed-network former glasses
clearly deviate from the linear interpolation between the values
measured for the binary end-members. For the mixed-network
glasses the homonuclear dipolar interaction is always found
stronger than in the binary glasses themselves. While the
sodium ion distribution in the end-member systems can be
approximated as random,33,39 the results of the present study
suggest that, in the mixed network-former glasses, there is a
clearly perceptible deviation from this randomness. Evidence
for such clustering was recently also found by Hoppe et al. from
neutron diﬀraction data of potassium germanophosphate
glasses having similar compositions as the ones studied here.13
M2(
23Na−23Na) values measured for glasses with higher
sodium contents (v = 1/2; see the Supporting Information) are
found to be larger (as expected), and they also show a similar
kind of nonlinear dependence on composition as those
measured in the present system. In both systems, the strong
increase in M2(
23Na−23Na) from x = 0.0 toward x = 0.2 is
consistent with the documented preference of P−O−P and
Ge−O−Ge linkages resulting in sodium rich domains around
the phosphate units that are very likely to be in spatial
proximity. For x = 0.4 hetero bridges start to dominate in the
glass network and the sodium rich domains are distributed in
the network in a more eﬃcient way attenuating the increase in
M2(
23Na−23Na). As x is increased to 0.6 the most pronounced
eﬀect is the decrease in the average ⟨n⟩ of the P(n) units, leading
to a sharply increased average charge and number of NBO(P)
per phosphate units. Those sodium species interacting with the
doubly charged P(1) units are subject to clustering and
experience stronger 23Na−23Na interactions, resulting in
increased M2 values due to the <r
−6
Na−Na> dependence. For x
= 0.8 a signiﬁcant amount of anionic Ge species are formed in
the glasses, which can eﬀectively coordinate the sodium cations,
thereby facilitating their spatial dispersion. This is evident from
the signiﬁcant decreases observed in both M2(
23Na{31P}) and
M2(
23Na−23Na), see Table 10.
■ CONCLUSIONS
In summary, strong mixed network former eﬀects have been
o b s e r v e d i n g l a s s e s o f t h e s y s t e m
(M2O)0.33[(Ge2O4)x(P2O5)1−x]0.67. The structural origins of
this eﬀect have been explored, using advanced solid state single
and double resonance NMR techniques, X-ray photoelectron
spectroscopy, and Raman spectroscopy. Employing an iterative
ﬁtting procedure, a structural model has been developed, which
is consistent with all of the experimental data, and which
provides a quantitative description of network connectivities
and network modiﬁcation processes in terms of P(n)mGe
structural units. The description is only approximate, however,
as oxygen atoms and/or P(n)mGe units linked to higher-
coordinated Ge species (GeO5/2 or GeO6/2 units) are not
identiﬁable by distinct NMR or XPS signal components in the
present study, even though these species are likely to exist in
the present system. Compared to a random linkage model,
formation of heteroatomic P−O−Ge linkages is generally
preferred over homoatomic P−O−P and Ge−O−Ge linkages,
except at low germanium contents (x = 0.2) where the
structure is dominated by polyphosphate chains and
unmodiﬁed Ge−O−Ge bonded four-membered ring units. At
higher x values, the Ge component is modiﬁed as well;
however, the extent of this modiﬁcation is lower than predicted
for proportional sharing. Rather, the phosphate network
component is preferentially modiﬁed by the sodium ions and
thus the local coordination of the cations is dominated by
Figure 15. (a) Compositional dependence of the experimental M2;homo values of the Na−Na dipolar interaction for the NaGeP{Eu} glasses. The
experimental uncertainty is ±10%. Visualization of two experimental spin echo decays and their linear ﬁt for the NaGeP{Eu} glasses with x = 0.6 and
x = 1.0.
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phosphorus, as is clearly evident from the 23Na{31P} REDOR
results. This preferred association, combined with the
formation of P(1) units, may result in partially clustered cation
distributions, which can be detected by 23Na spin echo decay
spectroscopy. Overall the general conclusions are consistent
with those drawn from our previous study of the NaPO3−GeO2
system.25 For the present system, however, the NMR data also
provide new indirect conclusions regarding the germanate
anomaly. On the one hand the 31P NMR data clearly indicate
that the germanate network is partially modiﬁed for x ≥ 0.4, on
the other hand, neither Raman spectroscopy nor XPS provide
any clear evidence for the formation of nonbridging oxygen
atoms associated with depolymerized Ge(3) or Ge(2) units,
except for the x ≥ 0.8 samples. Thus, the conclusion appears
inescapable that germanate modiﬁcation proceeds (at least
partially) by the formation of higher-coordinated germanium
Ge(5) and/or Ge(6) units in this glass system. This conclusion is
consistent with recent neutron diﬀraction data by Hoppe et al.
on gemanophosphate glasses with similar compositions.12 For
the glass labeled KGeP7 in that study, whose composition is
identical to our x = 0.8 sample, an average Ge coordination
number of 4.2 was deduced. In that study, higher average
coordination numbers (up to 5.1) were found in glasses
tending to have higher P/Ge ratios.12 This trend agrees with
the observations made in the present study. Overall the results
illustrate the unique power and potential of solid state NMR
spectroscopy for examining the structural aspects of mixed
network former eﬀects in glasses.
Finally, the strongly nonlinear dependence of Tg on x needs
to be understood on a structural basis. It was previously shown
for a wide range of alkali borophosphate glasses that the Tg
values can be linearly correlated with the average number of
bridging oxygen atoms [O] per network former species.
Without the invocation of anionic higher coordinated
germanium (i.e., assuming that modiﬁed germanate units only
occur in the form of Ge(3) species), just a monotonic increase of
Tg with x would be expected as [O] increases from 1.25 (x =
0.0) to 1.75 (x = 1.0). Thus, the peculiar behavior observed in
Figure 1 cannot be explained in this way. If we accept the
hypothesis of a linear dependence of Tg on [O] then the data in
Figure 1 may be taken as indirect evidence for the formation of
higher-coordinated germanium species in this glass system,
particularly in the region 0.0 ≤ x ≤ 0.6, where the data seem to
suggest “excess connectivity”. In this sense, the results of the
present study contribute some indirect evidence for higher-
coordinated germanium in the present germanophosphate
glasses.
The concept appears plausible also from the point of view of
bond valences. Ge(5) and Ge(6) units (with bond valences of 0.8
and 0.67) may be stabilized by interaction with P(3) units (bond
valence 1.25), and this interaction may contribute to the
preference for heteroatomic P−O−Ge linkages in this glass
system, as it is found experimentally. On the other hand, we
cannot rule out the formation of ring structures based on Ge−
O−Ge linkages being partly responsible for the Tg maximum.
To clarify this question the coordination state of germanium
needs to be probed by more direct methods, such as extended
X-ray absorption ﬁne structure (EXAFS) spectroscopy or
neutron diﬀraction. Furthermore, as 17O NMR experiments
have shown their ability to identify oxygen species linked to
higher-coordinate germanium atoms,40,41 the combination of
such measurements with 17O−31P double resonance experi-
ments may help identify the types of phosphate species
interacting with these oxygen atoms. Such experiments are
currently under consideration in our laboratory.
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